We report the development of a solution-processed In2O3/ZnO heterojunction electron transport layer (ETL) and its application in high efficiency organic bulk-heterojunction (BHJ) and inorganic colloidal quantum dot (CQD) solar cells. Study of the electron transport properties of this low-dimensional oxide heterostructure via field-effect measurements reveals that electron transport along the heterointerface plane is enhanced by more than a tenfold when compared to the individual single-layer oxides. Use of the heterojunction as the ETL in organic BHJ photovoltaics is found to consistently improve the cell's performance due to the smoothening of the ZnO surface, increased electron mobility and a noticeable reduction in the cathode's work function, leading to a decrease in the cells' series resistance and a higher fill factor (FF). Specifically, non-fullerene based organic BHJ solar cells based on In2O3/ZnO ETLs exhibit very high power conversion efficiencies (PCE) of up to 12.8%, and high FFs of over 70%. The bilayer ETL concept was further extended to inorganic lead-sulphide CQD solar cells.
Introduction
Solar cells based on organic light absorbing materials have been extensively studied because of their potential for cost-effective and high-throughput fabrication on flexible modules. [1] [2] [3] Thanks to careful engineering of the active (i.e. light absorbing) layer of so-called organic bulkheterojunction (BHJ) solar cells, the power-conversion efficiency (PCE) of such cells has recently reached over 11% with cells employing fullerene derivatives, [4] [5] [6] and over 13% with polymer:small molecule blends. [7] [8] [9] In addition to the active materials, there has also been recent progress in the study of interfacial layers, or interlayers, which are inserted between the active layers and the electrodes (i.e. anode and cathode). [5, [10] [11] [12] [13] [14] [15] [16] [17] The presence of these interlayers is vital to improve charge selectivity at the electrodes, and ensure a good (Ohmic) electrical contact at the electrodes, and have been shown to be essential for high performing organic, [18] [19] [20] inorganic, [21] and hybrid organic-inorganic [22] solar cells. In the conventional organic BHJ solar cell architecture, where the transparent conductive electrode (usually ITO) acts as the anode, the most common bottom-layer interfacial layers are PEDOT:PSS [23, 24] and CuSCN. [6, 11, 12] However, there has been a recent move to the so-called 'inverted' n-i-p structure, where the ITO side of the device acts as the cathode terminal, due to the improved stability and advantages for roll-to-roll fabrication of this architecture over the 'conventional' structure. [25, 26] In inverted organic BHJ solar cell, the bottom ETL is usually a metal oxide, and most often zinc oxide (ZnO). [15, 27, 28] The benefits of ZnO include its excellent electron transport properties, good ambient stability, and its easy solution processability to form smooth and well defined layers; [13] several solution processing techniques for ZnO are possible, the most popular amongst which are using the sol-gel method from a zinc acetate precursor, [15, 28] and by deposition from an aqueous solution of an amine-zinc complex. [29, 30] Because of its versatility and popularity, various methods to improve the performance of ZnO-based electron contacts have been investigated. One method has been to n-dope the ZnO with a variety of metals and organics in order to improve the electron mobility, and to achieve a preferable energy alignment with the active layer in order to improve electron injection to the acceptor. Commonly used dopants are metals such as aluminium, [31] [32] [33] [34] [35] tin, [36] and lithium, [16] but organic dopants have also been used to good effect. [37] A second method has been to apply an additional organic interfacial layer between the ZnO and the active layer in order to achieve a larger built-in potential and enhanced electron transfer from the acceptor. [38] [39] [40] [41] [42] To this end, interlayers such as polyethylenimine ethoxylated (PEIE), polyethylenimine (PEI) and poly(2-ethyl-2-oxazoline) (PeOz) nanodots have all been shown to be very effective in increasing the PCE of BHJ-based organic photovoltaics (OPVs). [17, [43] [44] [45] [46] [47] In this contribution, we expand on the concept of improving the performance of ZnO based polymer BHJ as well as colloidal quantum dot (CQD) solar cells by introducing an additional, extremely thin, indium oxide (In2O3) layer in between the cathode (ITO) and the ZnO film. The resulting bilayer architecture has recently been shown to lead to dramatic improvements in the electron mobility of TFTs, achieving field-effect mobilities of up to 45 cm 2 /Vs due to synergistic effects of an extremely chemically sharp In2O3/ZnO interface and the presence of a two-dimensionally (2D) confined electron cloud at the interface. [30, [48] [49] [50] [51] The use of such a bilayer structure has also briefly been previously reported in our group in organic BHJ solar cells with copper iodide (CuI) as the hole transporting layer (HTL), [52] as well as more recently in high efficiency BHJ OPVs, [8] but has not been studied in detail. In this work, we
show that use of a similar oxide bilayer structure allows for the growth of extremely smooth ETLs with enhanced electron mobility and tuneable Fermi energy. When incorporated in both fullerene and non-fullerene based BHJ OPVs, resulting devices exhibit reduced series resistance and significantly enhanced PCE values. Finally, we demonstrate the universal nature of the multilayer ETL concept by implementing it on inorganic lead-sulphide (PbS) CQD solar cells, for which we obtain PCE values that are comparable to those from devices based on standard thick (typically >100 nm) single-layer ZnO ETLs.
Electron transport in bilayer In2O3/ZnO ETLs
The most common route for depositing good quality and uniform ZnO layers for organic solar cell is via a sol-gel method from a zinc acetate precursor. The downside of this process is the requirement for high annealing temperatures (≥200ºC), which is often incompatible with inexpensive flexible plastic substrates, to achieve good enough transport to avoid large series resistances in solar cells, and the need for highly toxic solvents to dissolve the precursor. [27] In contrast, zinc oxide thin films obtained by the spin coating of a zinc oxide-ammine complex in an aqueous solution have been popular for transistor applications, due to the ability for this method to result in highly polycrystalline and ultra-thin (<10 nm) layers which achieve higher mobilities at annealing temperatures below 180 ºC than those achieved with the sol-gel method.
In order to demonstrate the versatility of the approach used here, layers of ZnO grown from both methods were investigated. From here on we denote ZnO obtained via the sol-gel method as ZnO (s-g), and ZnO layers obtained via the aqueous route as ZnO (aq).
The charge transport properties of ZnO(s-g) and ZnO(aq) were investigated using fieldeffect transistor measurements employing a bottom-gate, top-contact (BG-TC) architecture (inset, Figure 1 ). The transfer characteristics, source-drain (S-D) current ( ) versus gate voltage ( ), of the transistors were measured both in the saturation ( = 30 ) and in the linear ( = 10 ) operating regimes. The extracted mobility values are summarized in Table   1 , while representative transfer curves of the transistors in the saturation regime are shown in Figure 1 . As anticipated, the electron saturation mobility ( ) of ZnO(aq) is close to 1 cm 2 /Vs, roughly two orders of magnitude higher than the mobility of ZnO(s-g). Following the procedure developed in our laboratory, [14, 51] we then proceeded to fabricate In2O3/ZnO bilayer transistors.
As expected, heterojunction channel TFTs with ZnO(aq) results in a substantial increase in the electron mobility to around 5 2 −1 −1 and, interestingly, a more than 1000 time increase in the mobility of ZnO (s-g) to a similar value ( Table 1) . Both mobility values are significantly higher than achieved for the single layer In2O3 reference transistor, also shown in Figure 1 , denoting that the improvement in electron transport comes from the interaction between the ZnO and In2O3, rather than the conventional channel formed at the SiO2/In2O3 interface.
Morphological characterization of bilayer In2O3/ZnO ETLs
Having established the positive effect of a bilayer In2O3/ZnO structure on the in-plane electron transport in TFTs, we proceeded to examine the possibility of using a similar bilayer structure as the ETL in BHJ OPVs. It is important to note that an improvement in the in-plane electron mobility found in TFT measurements may not necessary lead to an increase mobility in the vertical direction relevant to solar cells. Nevertheless, the electron accumulation at the heterointerface would most certainly increase the conductivity of the ETL significantly enough to warrant further investigation for solar cell applications. Additionally, whereas in the case of TFTs the oxide bilayer was deposited onto ultra-smooth SiO2 substrates (<0.1 nm root mean squared (rms) roughness), which allows for the deposition of ultra-thin and extremely smooth layers of In2O3 and ZnO, [14] the indium tin oxide (ITO) substrates used in BHJ OPVs have a much rougher surface (rms in the range 2-5 nm).
To investigate the feasibility of growing such bilayers on ITO, the microstructure of the In2O3/ZnO (s-g) bilayer deposited on ITO-patterned glass substrates was studied via crosssectional high-resolution transmission electron microscopy (HRTEM). As shown by into In-O lattice. [53] Therefore, direct detection of the In2O3 layer by TEM is expected to be a rather challenging task, especially in the case of a few nm-thin layers.
Despite the challenge, the HRTEM image shown in Figure 2b In an effort to better understand the chemistry of the heterointerface, we have taken the HRTEM shown in Figure 2c and performed energy-dispersive X-ray (EDX) spectroscopy measurements ( Figure S1 ). As evident by the evolution of the EDX signal, the measured intensity associated with the presence of tin (Sn) drops ca. 5 nm earlier than the signal associated with indium (In) when scanning from the bulk of ITO layer towards the top ZnO layer (arrow direction in Figure S1b ). This finding is in agreement with the HRTEM image in offset and the thickness extracted from the HRTEM image can be explained by the EDX scan resolution limit and the signal collection step size of 0.96 nm. Despite the small discrepancies, these measurements provide direct evidence for the existence of a layer containing significantly less tin than the underlying ITO layer ( Figure S1 ). It is thus perfectly reasonable to associate this layer with the existence of an ultra-thin In2O3 layer.
In order to investigate the impact that this extremely thin In2O3 layer has on the surface morphology of the ZnO deposited on top, the surface topography of all samples studied was investigated via high resolution atomic force microscopy (AFM). smoother ZnO ETL layers yielding cells with consistently lower series resistance, and increased fill factor. [54, 55] Finally, the optical transmission characteristics of the different ETL systems were also measured in the region of 300-900 nm ( Figure S2 ). It is found that both heterojunction ETLs show no significant degradation in their optical transmittance characteristics with their properties determined primarily by the underlying ITO layer.
Work function engineering in bilayer In2O3/ZnO ETLs
It is well established that the work function of the ETL in an BHJ OPV device plays an important role as it affects the maximum achievable open circuit voltage (VOC). This is primarily due to its influence on the electron extraction and contact resistance present between the anode and the active layer, and may therefore have an impact on the short circuit current (JSC) and fill factor (FF) of the device. [18] To this end, it has been shown that small changes in the work function of the interlayer can have a significant effect on the device built-in voltage (Vbi). [5] To better understand the relation between the cathode's work function and the cell's performance, Kelvin Probe (KP) measurements were performed on all solution processed metal oxide-based ETLs studied. 
PTB7-Th:PCBM bulk heterojunction solar cells base on bilayer ETLs
In order to investigate the potential of bilayer oxide ETLs for application in BHJ OPVs, bulkheterojunction (BHJ) cells were fabricated using the high efficiency polymer-fullerene blend
(PTB7-Th) [57] : [6, 6 ]-phenyl-C71-butyric acid methyl ester (PC71BM) [58] in an inverted device architecture ( Figure   5a ). The optimum In2O3 layer thickness for such cells was found to be in the region of 2-4 nm and was deposited at 6000 rpm in air from a 20 mg/ml precursor solution (see Experimental Section and Figure S3 ). Thicker In2O3 layers were found to adversely affect the cell's performance when compared to the reference single-layer ZnO ETL-based devices. We attribute this to higher thickness of the In2O3 layer which gives rise to an energetic barrier between the In2O3 and the ZnO [56] . Table 2 . In both cases, cells based on bilayer ETLs perform consistently better than those based on single layer ETLs, with the improvement most notable in the FF, which increase from an average of 63% to 67% for ZnO(aq) and from 64% to 66% for ZnO(s-g)-based devices, respectively. This improvement is also reflected in the decrease of the series resistances (RS) of the cells (Figure 5c ), extracted both from the J-V characteristics measured in the dark (Figure 5d ) and under illumination (Figure 5b) . The improved FF and lower RS, is also mirrored, to an extent, by a small increase in the short circuit current (JSC) of the devices, a finding confirmed independently by EQE measurements ( Figure S4) . Interestingly, the bilayer ETL appears to have only a small effect on the VOC of the ZnO(s-g) based devices, increasing it by less than 0.01 V, and no noticeable effect on the VOC of the ZnO(aq) devices, suggesting that the VOC in this case is not limited by the workfunction of the ETL. The higher VOC of ZnO(aq) compared to ZnO(s-g) can be attributed to its lower thickness (10-15 nm compared to 30-35 nm) leading to a lower electrical resistance; the saturation of the VOC between ZnO(aq) and In2O3/ZnO(aq) in turn suggests that the VOC is limited by other energy levels i.e. HOMO/LUMO offset of PTB7-Th and PC70BM.
The relatively large increase in the FF compared to relatively small increase in the JSC, along with the absence of any improvement in the RSh but large decreases in the RS, suggests that 'smoothening' of the ETL's surface play a more critical role in enhancing the PCE than electronic effects from changes in its work function. The maximum achieved PCE for the best performing cell using the bilayer In2O3/ZnO ETL was 10% for ZnO(s-g) and 10.32% for ZnO(aq), compared to 9% and 9.72%, respectively, for the single layer ETL cells.
The applicability of the bilayer ETL system to other donor-acceptor organic system, has also been investigated. Since the choice of ETL affects mainly the charge transport from the acceptor component to the cathode electrode, various blends with different acceptors were chosen, including the regioregular poly(3-hexylthiophene):indene-C60 bisadduct (P3HT:ICBA), and the high performance fullerene-free systems PBDB-T [59] blended with the acceptor molecule ITIC, [60] and PFBDB-T:8C-ITIC, [8] (Figure 6a) . (Table 3) . Additionally, a hero cell of 12.8% was obtained using this blend and the bilayer ETL, which is amongst the highest, albeit not certified, reported to date organic for BHJ solar cells. [8] Note that the calculated JSC from the EQE spectrum for 
Bilayer In2O3/ZnO ETL-based PbS Colloidal Quantum Dot Solar Cells
We sought to extend the application gamut of the bilayer ITO/In2O3/ZnO(s-g) ETLs beyond the organic BHJ solar cell platform. Towards this end, we fabricated solar cells that employ lead sulfide (PbS) CQDs as the light absorbing layer. CQD solar cells form another major category of potentially cost-effective, solution-processable thin-film PV owing to their strong absorption in the infrared and, therefore, better harvesting of the solar spectrum. [61] [62] [63] CQD solar cells typically employ a thick (100-150) ZnO nanoparticle ETL in order to achieve sufficient depletion within the active CQD layer. [64, 65] To test whether a much thinner ETL is possible using the bilayer In2O3/ZnO, we fabricated CQD solar cells employing the same bilayer ETL as used for our organic BHJ devices (thickness of 30-35nm). To fabricate the active layer, initially insulating, oleic-acid (OA) capped CQDs were made to undergo a ligand exchange in the solution phase with lead halides (PbX2; X = I, Br) leading to a conducting, dense ink of electronically coupled halide-capped (PbX2-PbS) CQDs dispersed in the butylamine (BTA) solvent. [64, 65] This was used to form an absorber layer, in a single-step, by coating on top of the bi-layered ETL-covered substrate leading to a planar depleted heterojunction. [21] To further enhance the extraction and egress of charge carriers to the respective electrodes, a 1,2-ethanedithiol (EDT) ligand capped PbS CQD layer was deposited as the hole transporter atop the absorber, resulting in an n-i-p architecture device. Figure S6 ), further work on optimizing the bilayer ETL-based cell architecture and understanding the device physics is ongoing and will be addressed in future reports.
Conclusion
In conclusion, we have demonstrated high-efficiency organic BHJ and inorganic quantum dot observed with all the blends tested, for which a maximum PCE of 12.8% was achieved for
PFBDB-T:8C-ITIC cells. Finally, the bilayer ETL concept was also applied to inorganic PbS
CQDs, where thin 35 nm bilayer ETL films yielded a comparable performance to the thick (150 nm) ZnO nanoparticle ETL-based reference devices. [57] (Mn 23,000; Mw 48,300 g/mol), 3,9-bis(2-methylene- (Mn 26,000; Mw 67,600 g/mol), [8] were prepared by the reported procedures. PC71BM and ICBA (both >99% purity) were purchased from Solenne, respectively. The polymer molecular weights were determined using an Agilent Technologies 1200 series GPC running in chlorobenzene at 80 °C, using two PL mixed B columns in series, and calibrated against narrow polydispersity polystyrene standards. 
Experimental Section

Materials and Solutions
b']dithiophene))-alt-(5,5-(1',3'-di-2-thienyl-5',7'-bis(2-ethylhexyl)benzo[1',2'-c:4',5'-c']dithiophene-4,8-dione)] (PBDB-T)
(3-(1,1-dicyanomethylene)-indanone))-5,5,11,11-tetrakis(4-hexylphenyl)-dithieno[2,3-d:2',3'- d']-s-indaceno[1,2-b:5,6-b']dithiophene (ITIC),
Ultraviolet -visible -near-infrared (UV-Vis-NIR) spectroscopy:
The samples were measured using a Shimadzu UV-2600 spectrophotometer equipped with an ISR-2600Plus integrating sphere, and transmission spectra were obtained in the region of 300 -1200 nm.
Atomic force microscopy (AFM):
The surface morphology was studied using an Agilent 5500 atomic force microscope in tapping mode in air. The approximate resonant frequency of the cantilever was 270 kHz with a force constant of 40 N m −1 .
Transmission Electron Microscopy:
The lamella of the ZnO/In2O3 bilayer structure on the ITO-patterned glass substrate for the HRTEM and EDS analysis was prepared in a scanning electron microscope (Helios 400s, FEI) equipped with a nanomanipulator (omniprobe, AutoProbe300) with the help of a focused ion beam (FIB). In order to protect the layers of interest carbon was deposited under electron and ion beams to reach a thickness of ca. 2 μm.
Ga ion beam (30kV, 21nA) was used first to mill the bulk and then (30kV, 9nA) to cut the produced by the spin coating of the solution at 3000rpm, followed by a methanol wash at 4000rpm. For P3HT:ICBA, the solution was spin cast at 1500rpm, followed by annealing at 150 degrees for 10 minutes. PBDB-T:ITIC and PFBDB-T:8C-ITIC active layers were both fabricated by spin casting of the solutions at 2000rpm, and PBDB-T:ITIC films were annealed at 150 degrees for 10 minutes, following literature procedures. [8] Photovoltaic cells were completed by the evaporation of 10/80nm MoO3/Ag cathodes through shadow masks with an aperture of 0.05cm 2 , in a high vacuum. J-V characteristics were measured using a Keithley 2400 source-meter. The cells were illuminated by an AM1.5 xenon lamp solar simulator (Oriel Instruments) under 1 sun intensity, which was monitored using a calibrated Si reference photodiode. The active area of the cells under illumination was defined by 0.04cm 2 masks. All devices were stored in dark prior to characterization and were measured in a nitrogen-filled chamber.
CQD synthesis: CQD synthesis of oleic-acid (OA) capped PbS CQDs (exciton absorption at 881nm) was carried out following a recent literature report. [64] Device fabrication: Following deposition of the ETL, the solution-phase ligand exchanged ink of PbX2-PbS CQDs (200 mg ml -1 solution in butylamine) was spincoated on the ETL-covered substrate (2500 rpm, 15 s). This was followed by deposition of the EDT-PbS CQD HTL which was done via the layer-by-layer (LbL) method, [66, 67] as explained here: OA-capped CQDs were spincoated (2500 rpm, 15 s) followed by ligand exchange with 0.01 % (v:v) EDT solution in acetonitrile (ACN) solvent (30s wait). The exchanged film was rinsed with ACN. This was repeated twice. Finally, Au electrodes (80 nm) were thermally evaporated using an Angstrom evaporator.
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